ABSTRACT. Treatment of premature infants with exogenous surfactant is thought to increase the incidence of the patent ductus arteriosus (PDA) due to improved mechanics of breathing and the resultant reduced pulmonary vascular resistance. As part of a prospective, blinded, controlled study of human amniotic fluid-derived surfactant, we assessed the time of closure of the PDA, defined by Doppler echocardiographic studies, performed at 6-h intervals, and the mechanics of breathing at 6, 18, and 30 h of age in 61 infants (gestational age, 25-29 wk, and birth wt, 450-1580 g). All infants had respiratory distress syndrome as confirmed by immature surfactant phospholipid profiles determined on either amniotic fluid and/or tracheal aspirate analysis, and chest radiograph, and all had a PDA at 6 h of age. Surfactant treatment was associated with more frequent clinically determined need for treatment of the PDA, but did not prolong the patency of the ductus in infants with spontaneous closure or in those requiring treatment with indomethacin. Infants with spontaneous closure of the PDA had significantly higher dynamic lung compliances and lower oxygen requirements and were treated with lower mean airway pressures than those requiring PDA treatment, although their arterial blood gas status was the same. The dynamic lung compliance of infants with right to left ductal shunting was significantly lower than those with left to right shunting at 6 and 18 h but was not different thereafter. This study suggests that the maturity of the ductus arteriosus, reflected by its tendency to close spontaneously, parallels the maturity of the lungs, reflected by their mechanical stability, and that ductal closing is not significantly altered by surfactant therapy. (Pediatr Res 25:305-310, 1989) Abbreviations RDS, respiratory distress syndrome PDA, patent ductus arteriosus a/A, arterial to alveolar oxygen tension ratio in oxygenation and reduction in ventilatory pressures (1) (2) (3) (4) (5) , which suggests that the surfactant reaches the distal air spaces, reduces the alveolar surface tension, and improves the mechanics of breathing.
Early reports of surfactant treatment suggested that symptoms of the PDA were more frequent after surfactant treatment (I), and that resolution of RDS may be limited by the effects of the PDA. It has been shown that surgical ligation of the PDA as well as closure after administration of indomethacin is associated with reduced ventilatory and oxygen requirements (6, 7) , and reduced incidence of bronchopulmonary dysplasia (8) . Left to right shunting through the PDA increases pulmonary blood flow which may cause pulmonary edema with or without pulmonary venous hypertension, causing further derangements in the mechanics of breathing (9) and surfactant inactivation (10) . Surfactant replacement in both the lamb (I 1) and baboon (12) has been shown to improve lung function but has been associated with reduced pulmonary vascular resistance, which increases pulmonary blood flow due to left to right shunting through the PDA. This may explain the acute improvement in pulmonary status with subsequent cardiopulmonary deterioration as shunt flow through the PDA increases. Thus, surfactant therapy appears to improve lung function, which then unmasks the effects of the PDA after the initial improvement in respiratory status.
The purpose of this study was to assess independently the mechanical function of the lungs and the time course of the closure of the PDA in premature infants treated with exogenous surfactant and in a control group given placebo. We hypothesized that although infants treated with surfactant would have im-. proved lung mechanics, they would also have increased left to right shunt flow through the PDA, would have more symptoms attributable to PDA, and would need to be treated more frequently for the PDA than their controls.
MATERIALS AND METHODS
Sixty-one infants were enrolled in a prospective, controlled, and blinded clinical trial for the treatment of RDS with human amniotic surfactant after their parents signed an IRB-approved Human Subjects' Informed Consent. All infants were treated at one of the centers (University of California Medical Center, San Diego): details of the preparation of the human surfactant and Treatment of preterm infants with exogenous surfactant has its administration (FDA 1.N.D. 26 308) have been described (3) . been proposed as a means to reduce the severity and complica-The gestational age of the infants ranged from 24 to 29 wk, and tions of RDS. Infants treated with surfactant have improvement their birth wt from 450 to 580 g. All had pulmonary immaturity renal dysplasia, fetal hydrops, evidence of amnionitis, or subsequent confirmed evidence of congenital infection. Informed consent was obtained from the parents for randomization before delivery and before sedation of the mother.
Infants were assigned to treatment or placebo immediately before birth by opening sealed envelopes which contained randomized assignments prepared before the start of the study. Infants at both centers were randomized together. Infants were stratified by gestational age (24-27 and 28-29 wk) and for multiple gestation. Singletons were randomized to three groups of equal probability. The first was given surfactant (70 mg/kg) at birth (prophylaxis). The second was treated only after they required mechanical ventilation (mean airway pressure 27.0 cm H20) and if their Fie, required for adequate oxygenation exceeded 0.5, or if increases in peak inspiratory pressures of more than 5 cm H 2 0 above initial settings were necessary to maintain the Pao2 above 50 torr (rescue). The third was given an injection of air (placebo) in a blinded fashion. Infants of multiple gestations were randomized with equal probability to prophylaxis or to rescue surfactant treatment.
Efforts were undertaken to blind all participants of the health care team to the treatment assignment. All infants were immediately intubated after birth (our standard procedure in infants of 25-29 wk of gestation), and treatment with surfactant or placebo was performed as described (3) .
Routine neonatal intensive care was provided each infant. During the first 24 h of life, intravenous fluids were given (60 to 80 ml/kg/d) and fresh frozen plasma, albumin, or packed red blood cells were used to treat hypotension, poor perfusion, and acidosis. Infants with persistent hypotension were treated with dopamine infusions (2.5 to 5.0 pg/kg/min). The arterial Po2 and Pco, were maintained at 50-70 t o n and 40-60 torr, respectively, by adjustments of the Fie,, and ventilatory pressures and time cycle settings. Ventilatory pressures and time cycle settings were measured at the proximal airway (Pneumogard Monitor, Novametrix, Wallingford, CT, or as measured by the Infant Star Ventilator, Infrasonics, San Diego, CA).
We determined the patency of the ductus arteriosus by Doppler ultrasound studies performed at 6-h intervals until we found the ductus to be closed on two consecutive studies. Atrial and ventricular anatomy, left ventricular fractional shortening index, and shunt flow through the PDA were assessed from 2-dimensional echo-guided flow mapping (CFM) technique (Toshiba SSH-65 Color Doppler system, 5 MHz short-focus transducer, pulse repetition frequency 4 kHz, frame rate 30 Hz). To assess the amount and direction of ductal shunting, the pulmonary artery, ductus arteriosus, and aorta were visualized in a high left parasternal view. Areas in which the flow was toward the transducer were displayed in red; areas in which flow was away from the transducer were displayed in blue; and areas where there was turbulence, defined as a statistically significant variation of mean frequencies between scans in a set location, were displayed by adding green to the other colors. The blood flow in the PDA was usually seen as a stream of turbulent flow along the left anterior border of the pulmonary artery near the bifurcation, proceeding proximally toward the transducer. Right to left shunting was seen as blue flow from the pulmonary artery through the ductus arteriosus into the aorta (13) . By using the spectral Doppler color-flow image, high velocities and turbulence detected near the PDA was a sensitive method to define the anatomic presence of the PDA, the magnitude of its shunt, or to declare with a high degree of confidence that it was closed. The decision to treat the PDA was made by the medical staff not involved with the surfactant protocol. The echocardiographic assessments of the PDA described above were usually available to the medical staff caring for the infant, but the results of serial assessments in any infant were not available to the medical staff.
Routine echocardiography was used to determine whether there was a large or small PDA shunt or if the PDA was constricted (1 3). Infants with a small PDA shunt or constricted PDA were not treated. If a large left to right PDA shunt was demonstrated by routine echocardiogram and if there were signs of clinical deterioration due to the PDA and there were no contraindications to treatment with indomethacin, a first dose was administered by intravenous infusion (0.2 mg/kg). Infants with severe clinical deterioration and/or contraindications to treatment with indomethacin were treated by ligation. Infants were treated with a second and third dose (0.1 mg/kg) 12 and 24 h later if the PDA shunt was detected on subsequent routine echocardiogram and continuing clinical signs of deterioration. After this course of indomethacin treatment, infants with persistent PDA with congestive heart failure and ventilatory compromise underwent surgical ligation of the PDA.
The mechanics of breathing were measured at 6 h, 18 h, and 30 h after birth. Infants were studied in the supine position when they were ventilated with the same pressures used for clinical management. Measurements were made with the same ventilator pressure and time cycle settings as were used for clinical care.
No infant was receiving muscle relaxation or bronchodilators at the time of study. We measured the mechanics of breathing by recording the transpulmonary pressure and airway flow at the endotracheal tube. Esophageal pressure was measured with a 1 x 3 cm thinwalled latex esophageal balloon (14) , placed in the midthoracic esophagus, which was connected to one side of a differential pressure transducer (Celesco Model LCVR, f 50 cm H20, Canoga Park, CA). The other side of this differential transducer was attached to the proximal port of the pneumotachograph. After placement of the esophageal balloon, its position and vol were checked by airway occlusion during spontaneous breathing efforts (15) . Airway flow was measured with a Heisch 00 pneumotachograph inserted between the connector of the endotracheal tube and the ventilator. The arms of the pneumotachograph were connected to a differential pressure transducer (Celesco Model LCVR, +2 cm H20) with low compliance tubing. The pressure transducer was calibrated with a water manometer, and the pneumotachograph was calibrated with a rotameter. The amplitude frequency response of the pressure and flow measurement systems was flat to 20 Hz.
The pressure and flow signals were amplified, digitized at a sampling rate of 60 Hz, displayed on a video monitor, and stored for analysis with a computerized data acquisition system (16) . During data acquisition, the endotracheal tube and the patient's head were carefully positioned to minimize leaks around the endotracheal tube. In several infants, we applied slight pressure over the trachea which eliminated leaks around the endotracheal tube. All mechanics measurements were performed during mechanical ventilation with ventilator pressures which were thought to be optimal for each infant's clinical condition.
Data analysis. We assessed the infants' oxygen requirements at the time of each measurement of mechanics of breathing and each echocardiographic study by calculating the a/A ratio (1 7). The infants' ventilatory requirements were assessed by measuring peak inspiratory and end-expiratory mean airway pressures at the time of these measurements.
Patency or spontaneous closure of the PDA and the frequencies of treatment of the PDA (indomethacin, ligation, or both) for surfactant-treated infants and controls were compared by Fisher's exact test. We compared the median arterial pH, Po,, and Pco2 of infants treated with surfactant to controls, and we compared the median arterial pH and Pco2 of infants with spontaneous closure of the PDA to those requiring PDA treatment by Mann-Whitney U test.
We defined the time of PDA closure as the time of the echocardiographic study wherein the ductus arteriosus could not be visualized and no shunt flow could be demonstrated, and closure was confirmed by subsequent study. The median age at the time of closure was compared between infants treated with surfactant and controls by Mann-Whitney U test. We also compared the median age at the first treatment with indomethacin for the two groups by Mann-Whitney U test and the frequency of the presence of a right to left shunt by Fisher's exact test.
We calculated the parameters of the mechanics of breathing by displaying the pressure and flow data with a screen editor and selecting the beginning, middle, and end of each breath. If a leak produced a discrepancy in the inspiratory and expiratory vol of more than lo%, the data were rejected. We failed to obtain complete studies because of leaks around the endotracheal tube or technical problems with esophageal pressure measurements in 9 of the 6 1 infants. The gestational age, birth wt, and ventilatory status of these infants were not significantly different than infants in which we were able to complete the studies. Dynamic lung compliance, total pulmonary resistance, inspiratory work of breathing, and tidal vol were calculated for 5 to 10 breaths for each infant. The coefficient of variability averaged 8 and 16% for compliance and resistance measurements, respectively.
We compared the frequency of right to left shunting in surfactant-treated infants to controls using Fisher's exact test. We also compared the mean dynamic compliance, mean airway pressure, and the a/A ratio between infants with right to left and left to right shunts by ANOVA with Newmann-Keuls testing.
RESULTS
The distribution of surfactant treatment and treatments for PDA and its outcome are shown in Figure 1 . We observed a PDA in all 6 1 infants enrolled in the study at 6 and 12 h of age.
A total of 49 infants received surfactant: 30 were treated at birth (prophylaxis) and 19 were treated at 2.7 * 1.9 h of age (rescue).
The greater number of infants treated with surfactant reflects the 12 pairs of twins enrolled, all of whom were randomized to surfactant treatment. Two infants who were randomized to receive rescue surfactant failed to meet the requirements for treatment. Their data were included in the treatment group as randomization was more important than the bias involved in our selection of the criteria for rescue therapy. The data were also analyzed with these infants excluded, and with these infants included in the control group, and the conclusions drawn were not changed. In terms of PDA therapy, one of these infants was treated with indomethacin and the other had spontaneous closure of PDA. Of the infants treated with surfactant, eight had spontaneous closure of the PDA and 4 1 required treatment-24 with indomethacin alone, nine with ligation, and eight with ligation after indomethacin. Of the 12 infants who were not treated with surfactant, six had spontaneous closure of the PDA and six required treatment-three with indomethacin alone, two with ligation, and one with ligation after indomethacin. Surfactant treatment was associated with more frequent overall treatment ofthe PDA ( p = 0.02), but not with treatment with indomethacin or ligation alone ( p = 0.2), or ligation after indomethacin.
The estimated power of our rejection of the hypothesis that surfactant-treated infants required more frequent treatment with indomethacin or ligation alone was 0.8 and 0.78, respectively. Surfactant treatment did not alter the time course of spontaneous or induced closure of the PDA (Table I ). The average birth wt, gestational ages and male/female ratio were not significantly different between infants treated with surfactant and controls, or between infants who had spontaneous closure of the PDA, or who were treated with indomethacin or ligation. The age of the infants at the time of spontaneous closure was not significantly different between the groups (47 + 23 h versus 27 -+ 15 h, surfactant versus control, respectively, p > 0.2). In addition, there was no difference in the average age at the time of the last study confirming the presence of the PDA. The first dose of the indomethacin was given at similar times in both groups of infants The average dynamic lung compliance, mean airway pressure. and a/A ratio were not significantly different between infants treated prophylactically at birth or subsequently rescued. The data for all infants treated with surfactant were pooled for comparison with controls and for comparing the need for treatment of the PDA. The average dynamic lung compliances at 18 and 30 h for infants treated with surfactant were higher than controls, but this was not statistically significant (Fig. 2) ? Includes eight infants treated with indomethacin and ligation.
with spontaneous closure of the PDA, however, had a significantly higher mean dynamic compliance than those who required treatment of PDA ( p < 0.05, 0.02, 0.01 at 6, 18, and 30 h, respectively). The average oxygen requirement, as reflected in the a/A ratio, also was not significantly different between all infants treated with surfactant and controls, as shown in Figure  3 . Infants with spontaneous closure, however, had a significantly higher average a/A ratio than infants requiring treatment of PDA ( p < 0.005, 0.001, and 0.025 at 6, 18, and 30 h, respectively).
The average mean airway pressure was not significantly different between all infants treated with surfactant and controls, as shown in Fig. 3 . Average a/A oxygen tension ratio at 6, 18, and 30 h of age, for surfactant-treated infants (black) and controls (white), and for infants with spontaneous closure of the PDA ( C ) and those that required treatment ( T ) . Average a/A ratio was significantly lower in infants requiring PDA treatment at the three study times. Mean values for surfactant-treated infants were not significantly different from those of controls. , and 30 h of age, for surfactant-treated infants (black) and controls (white), and for infants with spontaneous closure of the PDA (C) and those that required treatment ( T ) . Average mean airway pressure was significantly higher in infants requiring PDA treatment at the three study times. Mean values for surfactant-treated infants were not significantly different from those of controls. 0.025) (Fig. 4) than infants needing treatment of PDA. The median arterial pH of infants with spontaneous closure was not significantly different from that of infants who required PDA treatment (6 h: 7.37 versus 7.32, 18 h: 7.36 versus 7.31, 30 h: 7.32 versus 7.29, respectively), or between infants treated with surfactant and controls. There were no differences noted between these groups (surfactant versus control or spontaneous closure versus treatment of PDA) for total pulmonary resistance, tidal vol, or the inspiratory work of breathing at these times.
In 10 infants, the mechanics of breathing were measured before and after closure of the PDA. Dynamic lung compliance increased and mean airway pressure was lower in six of these 10 infants after closure. The a/A ratio was increased in five of these 10 infants after closure; however, these differences were not statistically significant.
Shunt flow was visualized from the pulmonary to aortic end of the PDA (usually turbulent during systole) in 12 infants, which changed to a left to right shunt by 24 h of age in each infant. The mean dynamic compliance of infants with right to left shunt was significantly lower than that of infants with left to right shunts at 6 and 18 h ( p < 0.05). Infants with right to left PDA shunt required treatment with higher mean airway pressures at 18 h (7.8 versus 6.5 cm H20, p < 0.01) and higher inspired oxygen tensions as reflected by lower a/A ratios (0.12 versus 0.37, p < 0.005), but their arterial Po, values were similar. The differences in these treatment parameters were not significant at 6 or 30 h of age. Treatment with surfactant was not associated with the presence of a right to left shunt: nine of the 12 infants were treated with surfactant and three were not ( p = 0.034).
DISCUSSION
In our study, spontaneous closure of the PDA was associated with mild lung disease, as indicated by significantly higher dynamic lung compliance and lower treatment parameters. Although all infants had pulmonary immaturity as defined by the lung lipid profile and chest radiograph, their lung disease represented a wide range of pathophysiology. The dynamic compliance, an indicator of the mechanical stability of the lung, depends both on the structural integrity of the lung and the maturity of the surfactant system. Our observation that infants with spontaneous closure of the ductus appear to have greater stability of the lungs, even when the ductus was patent in all infants at 6 h, suggests that the maturation of the ductus arteriosus parallels that of the lung in these infants. Pulmonary edema does not appear to be as important a determinant of mechanical stability as lung maturity. The presence of a right to left shunt, although associated with the use of higher mean airway pressures and Fie, requirements at 18 h, was not associated with significantly lower compliance values or to greater treatment parameters at 6 and 30 h. The insignificant changes in lung compliance and a/A ratio with PDA closure further supports the concept that lung maturity, rather than pulmonary edema secondary to PDA shunt, is a more important determinant of the mechanical stability of the lungs.
Surfactant therapy was associated with more prevalent overall perceived need to treat the PDA, but not with greater prevalence for any particular treatment modality. Although PDA treatment was more prevalent after surfactant, surfactant treatment did not appear to interfere with the action of indomethacin in that the interval between treatment with indomethacin and closure was not prolonged. This may have been due to the bias produced by patient selection, which should have made ductal patency and its treatment more frequent in the surfactant treatment group, as 19 of the infants were randomized to surfactant treatment because they experienced mechanical ventilation and clinical deterioration. Thus, we expected the rescued infants to have more severe lung disease that should have been associated with delayed closure of the PDA and more prevalent treatment. We did not observe a difference in the rate of spontaneous closure between infants treated at birth or as a rescue, as the number of infants treated with surfactant whose PDA closed spontaneously was small (eight infants). This may also explain the similarity in the MAP and a/A ratios between the surfactant-treated and control infants.
Our finding of more frequent PDA treatment in surfactanttreated infants is similar to early reports (1, 5) . The present study differs from our earlier report showing no difference (3) in that the present study was performed in one of the two centers, and infants were randomized to rescue treatment in addition to control and prophylaxis. Our present findings differ from the study of Enhorning et al. (2) and Gitlin et al. (4) because of the randomization of infants to the three groups. The sizes of our two surfactant groups were too small to make inferences as to how the prophylactic surfactant group differed from rescue, and how both differed from the infants described in these latter two studies.
The outcome of the PDA and its treatment in our infants were similar to reported results. The infants' spontaneous PDA closure rate was 23%, and the rate of successful treatment with indomethacin (44%), and need for both indomethacin and ligation (15%) were similar to large collaborative observations (34, 46, and 20%, respectively) (1 8). Our findings also are consistent with the description of cardiovascular effects of surfactant treatment in lambs by Jobe et al. (1 9 ). We did not detect an increase in the pulmonary blood flow in infants who received surfactant as detected by Doppler echocardiogram, unlike that observed by microsphere injections in lambs (1 1) or baboons (12) .
Our results are dissimilar to those of studies in baboons as we did not see a significant improvement in the lung mechanics in spite of improved oxygenation in the 12 infants in which measurements were performed before and after surfactant treatment. This study was not designed to detect changes in mechanics after surfactant rescue: more frequent measurements would have been needed at specific intervals relative to surfactant treatment. Our results may reflect differences between species or in the effectiveness of the surfactant or, more likely, the fact that the pH and Pco2 of our infants were controlled more closely than in the animal studies. The increased pulmonary blood flow seen in those studies may have been due largely to the improved pH (20) after the surfactant treatment (7.26 versus 6.92, surfactant versus control, Ref. 1 1) .
The similar compliance values in surfactant treated infants and controls suggests that the lungs are overdistended by the pressure of routine mechanical ventilation, leading to little change in compliance after surfactant therapy. The improvement in oxygenation may have been due to increased lung vol (which is associated with a decrease in pulmonary vascular resistance) after surfactant treatment, which we did not measure. The values of compliance that we measured were similar to those recently reported during mechanical ventilation (21) , and lower than those measured in infants who were spontaneously breathing on continuous positive airway pressure, which further supports the hypothesis of lung overdistension. Furthermore, we estimate the power to detect the difference in lung compliance between the surfactant-treated infants and controls to be 0.45, based on the coefficient of variability, the differences we observed between the groups, and the limited number of control infants. This difference in the observed compliance may have been significant with a power of 0.8 if we studied 40 infants in each group.
Our finding that a right to left shunt pattern was associated with lower dynamic lung compliance, higher ventilatory pressures, and higher oxygen requirements suggests that the underinflated or underventilated lung has an increased pulmonary vascular resistance that promotes right to left shunting through the PDA. Conversely, left to right shunting would be expected in infants with less severe lung disease because the pulmonary vascular resistance would be reduced. We did not observe, however, an increased incidence of left to right shunting or a larger magnitude of left to right shunting in infants who were treated with surfactant.
In summary, surfactant treatment of these very immature infants was associated with more prevalent clinical and echocardiographic findings of the PDA which justified treatment. The spontaneous closure of the ductus, however, was instead associated with mechanical stability, or structural maturity of the infants' lungs, independent of surfactant replacement therapy. Measurements of the dynamic lung compliance may be a predictor of spontaneous PDA closure in preterm infants with RDS.
